Chemolithotrophic ammonia oxidizers are responsible for oxidizing ammonia to nitrite in the global nitrogen cycle, as well as for the nitrogen removal processes of wastewater treatment systems. Despite their importance, the population ecology of ammonia oxidizers in wastewater has been poorly understood because of serious difficulties in isolating and cultivating these organisms. The classification of ammonia oxidizers has been primarily based on cell morphology, the ultrastructure of cytomembranes and a few physiological characteristics which can routinely be examined (Watson et al., 1989) . However, these phenotypic characteristics do not provide sufficient information for differentiating the organisms, and it has been shown that genotypic analyses are required for their classification (Dodson et al., 1983; Koops and Harms, 1985; Watson and Mandel, 1971; Woese et al., 1984 Woese et al., , 1985 . Since 165 rDNA base sequences provide abundant information from a very small quantity of biomass, this method has been thought to most appropriate for determining phylogenetic relationships among ammonia-oxidizing bacteria which have been notorious for their extremely poor growth yield. In batch culturing, some strains may not reach 10' cells/ml after full growth. The comparison of 165 rDNA sequences has permitted qualitative determination of phylogenetic relationships among cultured ammonia-oxidizing bacteria (Head et al., 1993; Pommerening-Roser et al., 1996; Teske et al., 1994; Utaker et al., 1995) . These studies indicated that most known chemolithotrophic ammonia oxidizers possess high similarities among 165 rDNA sequences in the beta-subdivision of Proteobacteria (Woese et al., 1984) except for two strains of Nit rosococcus oceanus, which are in the gamma-subdivision (Woese et al., 1985) . The beta-subdivision ammonia oxidizers appear to comprise at least two major clades, represented by the genera Nitrosomonas and Nitrosospira (Head et al., 1993; Teske et al., 1994) . Subgroupings within these clades have been suggested on the basis of probe sequences (Wagner et al., 1995) and the phylogenetic analysis of partial 165 rDNA sequences (Stephen et al., 1996) . Pommerening-Roser et al. recently described six lineages in the genus Nitrosomonas based on 165 rRNA sequence and DNA-DNA hybridization analyses, and showed that the existence of lineages of the species in the genus Nitrosomonas was consistent with ecophysiological distinctions among the species (Pommerening-Roser et al., 1996) . Further delineation of the phylogenetic relationships among beta-subdivision ammonia oxidizers will continue for additional isolates obtained from diverse environments (deBoer and Laanbroek, 1989; Hayatsu and Kosuge, 1993; Jones et al., 1988; Koops et al., 1991; Stehr et al., 1995; Suwa et al., 1994; Utaker et al., 1995) .
This study was conducted to examine differences in 165 rDNA sequences from (NH4)2504-sensitive and -insensitive strains which were isolated previously (Suwa et al., 1994) , and their phylogenetic relationship to other ammonia oxidizers. We have character-ized predominant ammonia oxidizers in activated sludges by most probable number (MPN)-enumerations using two media, one containing 0.76 mM (L medium) and the other 37.9mM (H medium) of (NH4)2504 (Suwa et al., 1994) . It was revealed that ammonia oxidizers were much more readily recovered from most sewage and nightsoil treatment sludges by L medium than by H medium, suggesting that ammonia oxidizers sensitive to higher concentrations of (NH4)2504 may predominate in most wastewater treatment facilities. Consequently, chemolithotrophic ammonia oxidizers sensitive to the 10 mM level of (NH4)2504, were isolated (Suwa et al., 1994) , and growth of one of the two sensitive strains, strain JL21 was completely inhibited at 10.7 mM of (NH4)2504. In contrast, (NH4)2504-insensitive strains predominated in and were isolated from laboratory activated-sludge processes which were highly enriched with an inorganic synthetic wastewater containing a high concentration of ammonium salt (Suwa et al., 1994) .
Four strains of chemolithotrophic ammonia oxidizers, two (NH4)2504-sensitive (JL21 and AL212) and two (NH4)2504-insensitive (GH22 and HPC101), were purified from laboratory activated-sludges prior to this study. Strains JL21 and GH22 were isolated in a previous study (Suwa et al., 1994) . AL212 was newly purified from a preserved mixed culture, which had been a back-up culture from a previous study. Strain HPC101 was newly isolated from a previously described experimental system having three compartments and a high ammonia oxidation rate (Noto et al., 1998) . HPC101 was isolated on a gellan gum plate (Takahashi et al., 1991) containing P medium (Lewis and Pramer, 1958) from the first compartment of this three-vessel system, which showed an ammonia oxidation rate of about 0.5 g-N I-' • d1 (Noto et al., 1998) .
Growth of strain JL21 was completely inhibited by 10.7 mM (NH4)2504 but grew in concentrations up to 3.57 mM (NH4)2504. Growth of strain AL212 was strongly suppressed by 35.7 mM of (NH4)2504, but grew in concentrations up to 10.7 mM (NH4)2504. Growth of GH22 and HPC 101 was not suppressed in concentrations up to 100 mM and 35.7 mM (NH4)2504, respectively, and was not tested at higher concentrations. HPC101 was isolated from an enrichment culture of activated sludge embedded in polyethylene glycol gel which was continuously fed a medium containing ammonium-nitrogen at a concentration higher (93.5 mM NH4CI) than 35.7 mM (NH4)2SO4. Therefore, it is assumed that 35.7 mM (NH4)2504 may not be the upper concentration of ammonium salt for growth of HPC101. All strains examined were rod-shaped, and their cytomembranes had peripheral lamellar structures ( Fig. 1) . These morphological characteristics have been described for Nitrosomonas spp.
Strains were cultivated in a medium containing KH2PO4, 725 mg; Na2H PO4, 1,136 mg; Mg504. 7H2O, 50 mg; CaCl2.2H2O, 20 mg; Fe-EDDHA, 1 mg; and 1 ml of a trace element mixture of ATCC medium #1573, in 1 I of distilled water. Ammonium sulfate was added at the concentration of 3.57 mM and the pH was adjusted to 7.2 (Suwa et al., 1994) . A 5-I Erlenmeyer flask containing 41 of medium with a cotton plug was inoculated with 500 ml of a preculture in the same medium, and cultivated at 25°C until a maximum cell yield was obtained.
Cells were harvested by centrifugation at 10,000 x g for 20 min and washed twice with TE buffer (10 mM Tris-HCI (pH 7.6) and 1 mM EDTA). Total genomic DNA was obtained by the CTAB method (Ausubel et al., 1987) . Nearly full-length 165 rDNA genes (1.5 kbp) were PCR-amplified with a primer set, fD1 and rP2, by the method of Weisburg et al. (1991) . The PCR product was ligated into pCRTMII plasmid and transformed into One Shot competent E. coli cells according to the manufacturer's instructions (TA Cloning System, Invitrogen, San Diego, CA, U.S.A.). Plasmid DNA was extracted and purified by a Qiagen Plasmid Kit (Qiagen Inc., Chatworth, CA, U.S.A.). The DNA sequences were obtained from double-stranded insert templates using primers for 165 rDNA sequencing designed by Weisburg et al. (1991) and an automatic sequencer (AB1373). All data manipulations and phylogenetic analyses were carried out using Clustal W Ver.1.5 (Thompson et al., 1994) . The 1,226 nucleotide base sequences were aligned, and their nucleotide substitution rates were calculated by Kimura's method (Kimura, 1980) . The neighbor-joining method (Saitou and Nei, 1987) was used for constructing a phylogenetic tree. Alignment gaps were not taken into consideration for the calculation. Bootstrapping (1,000 replicates) was used to examine support for branching in a phylogenetic tree using Clustal W Ver.1.5. Proposed oligonucleotide sequences were examined for specificity using sequence data analysis software, Blast and MP srch.
Existing 165 rDNA sequences of ammonia-oxidizing bacteria were obtained from the GenBank or EMBL under the following accession numbers: Nitrosococcus oceanus C-27, M96398; Nitrosomonas europaea C-31, M96399; "Nitrosomonas eutropha" C-91, M96402; "Nitrosococcus mobilis" Nc2, M96403; Nitrosospira multiformis ATCC 25196, L35509; Nitrosospira briensis C-128, M96396; Nitrosospira tenuis C-141, M96397; Nitrosospira tenuis Nv1, M96404; Nitrosospira tenuis Nv12, M96405; "Nitrosomonas communis" Nm2, Z46981; "Nitrosomonas cryotolerans" Nm55, Z46984; "Nitrosomonas halophila" Nm 1, Z46987; "Nitrosomonas marina" C-56, M96400; "Nitrosomonas marina" Nm22, Z46990; and 16S rDNA of (NH4)2SO4 -sensitive ammonia oxidizers 375 "Nitrosomonas ureae" Nm10 , Z46993. The 16S rDNA sequences in this study have been deposited in the DDBJ under accession numbers AB000669-AB000702. Figure 2 shows a phylogenetic tree based on 16S rDNA sequences (1,226 bp) from the four strains used in this study and nine ammonia oxidizers available from the GenBank and EMBL databases. The four strains examined in this study, GH22, HPC101, JL21 and AL212, were all grouped into the large Glade of Nitrosomonas spp. They may tentatively be identified as Nitrosomonas spp. based on their cell morphology, cytomembrane structures and 16S rDNA sequences.
The two (NH4)2SO4-insensitive strains, GH22 and HPC101, were grouped in a lineage comprising Nitrosomonas europaea, "Nitrosomonas eutropha" and "Nitrosomonas halophila" (Fig . 2) . On the other hand, the two (NH4)2S04-sensitive strains, JL21 and AL212, grouped into a lineage comprising "Nit rosomonas ureae" (Fig. 2) . Koops et al. reported that this lineage includes another ammonia-oxidizer strain, "Nitrosomonas oligotropha," which has been reported to be sensitive to ammonium concentrations higher than 50 mM NH4CI (Koops et al., 1991) . We compared a partial 16S rDNA sequence (214 bp), reported for "N. oligotropha" Nm45 (Stehr et al., 1995) , to the corresponding nucleotide sequences from our (NH4)2SO4-sensitive strains, JL21 and AL212 (across E. coli positions 237-450). We found differences at 13 and 14 nucleotide positions, respectively. This region of partial 16S rDNA sequence was used for a Clustal W phylogenetic analysis (data not shown). It was revealed that strains JL21 and AL212 are closely related to "N. oligotropha," but they may not be identified as the same species. Strain JL21, which showed stronger sensitivity to (NH4)2SO4, was at a more deeply branched position.
Oligonucleotides for detecting species in the genus Fig. 2 . Neighbor-joining tree demonstrating phylogenetic relationships among ammonia-oxidizing bacteria including (NH4)2SO4sensitive (**) and -insensitive (*) strains isolated from activated sludges based on 1,226 by of aligned 16S rDNA sequences.
All data manipulations and phylogenetic analyses were carried out using clustal W Ver.1.5. Nitrosococcus oceanus belonging to the gamma-subdivision of Proteobacteria are used as the outgroup organism. Scale bar represents 2% estimated change. Bootstrap values (1,000 replicates) as percentage are given at nodes concerning ammonia oxidizer relationships when they exceed 50% of the replicates.
16S rDNA of (NH4 )2S04-sensitive ammonia oxidizers
SUWA, SUMINO, and NoTo Vol. 43 Nitrosomonas have been designed based on 16S rRNA sequences and successfully applied for analyzing ammonia-oxidizing populations in natural environments (Hastings et al., 1997; Hiorns et al., 1995; Hovanec and DeLong, 1996; Kowalchuk et al., 1997; Mc-Caig et al., 1994; Mobarry et al., 1996; Nejidat and Abeliovich, 1994; Ohashi et al., 1996; Pommerening-Roser et al., 1996; Voytek and Ward, 1995; Wagner et al., 1995; Ward et al., 1997) . Although 16S rRNA sequence-based lineage specific probes have been designed for five out of six lineages in the genus Nitrosomonas proposed by Pommerening-Roser et al. (1996) , oligonucleotide sequences specific for detecting species in the "N. oligotropha"/"N. ureae" lineage have not been identified. Although two oligonucleotide sequences specific for strain AL212 and "N. ureae" could probably be proposed for the purpose, as shown in Table 1 , an oligonucleotide sequence for the two (NH4)2SO4-sensitive strains and "N. ureae" could not be found since strain JL21 was more distant among strains in the "N. oligotropha"/"N, ureae" lineage.
It has been demonstrated that ecophysiological characteristics of ammonia oxidizers such as the presence of urease and halo-sensitivities (or -requirements) are phylogenetically meaningful among species in the genus Nitrosomonas (Pommerening-Roser et al., 1996) . It has been hypothesized that KS values for ammonia and sensitivity to high ammonia concentrations may also be important ecophysiological characteristics (Pommerening-Roser et al., 1996) . A (NH4)2SO4-insensitive strain, GH22, was previously shown to be urease-negative and had a relatively high KS value for ammonium sulfate (Suva et al., 1994) . In contrast, a (NH4)2SO4-sensitive strain, JL21, was urease-positive and had a low KS value for ammonium sulfate (Suwa et al., 1994) . The physiological characteristics of these strains may also apply to other members of the N. europaea and the "N. oligotropha" l "N. ureae" lineages, respectively. Our findings thus provide additional evidence to support this hypothesis. 
